The crude protein hydrolysates from aqueous extract of velvet antler (AEVA) were prepared by simulated gastrointestinal digestion (SGI, pepsin-pancreatin) using pancreatin-pepsin, alcalase and neutrase. The resulting hydrolysates were separated by sequential ultrafiltration into four fractions. The antioxidant activities of peptide fractions were evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, ferric reducing antioxidant power (FRAP), 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging and Fe 2+ -chelating assays. Results showed that the hydrolysate prepared by SGI had a low degree of hydrolysis, which was significantly improved with altered proteases, such as pancreatin-pepsin and alcalase. Antioxidant activities of peptide fractions varied with molecular weight (MW) and the enzyme used. Generally, low-MW peptide fractions had higher ABTS radical scavenging activity and Fe 2+ -chelating ability, and high-MW peptide fractions were more effective in DPPH radical scavenging activity and reducing power.
Velvet antler, a traditional Chinese medicine (TCM), is the horn borne on the head of male deer in its growing stage. It is primarily composed of protein, which may account for 60% (w/w) of dry matter [1] . In China, aqueous extract of velvet antler (AEVA) is one of the major forms in the usage of velvet antler. Proteins in TCM aqueous extracts are generally recognized as low-value resources with negligible value. However, protein components may contribute equally, if not more, to the beneficial effects of the TCM than other components. Based on our previous work, protein is considered the major component of AEVA with a content of more than 70% (w/w), but it has been underestimated in the literature. Therefore, exploring bioactivities of protein from velvet antler is of significance to expand the medicinal applications of this TCM.
Functional properties of protein can be improved by enzymatic hydrolysis under controlled conditions. Recently, there has been a growing recognition that protein hydrolysates and peptides can act as natural antioxidants in pharmaceutical, healthy food and processing preservation industries [2] . The activities of protein hydrolysates are dependent on many factors, such as (1) the type of enzyme used, (2) the degree of hydrolysis, and (3) the amino acid composition, sequence and configuration of peptides [3] . It is generally recognized that the type of enzyme used in the hydrolysis process will impact on the bioactive properties, such as antioxidant activity [4] . Therefore, various enzymes are often chosen to prepare hydrolysates with high antioxidant activity. Many microbial enzymes (for example, alcalase, neutrase, and flavourzyme) have been widely applied in hydrolysis of proteins for their high efficiency and stability [5, 6] . In our previous study, we found that the degree of hydrolysis of AEVA during simulated gastrointestinal digestion (SGI, pepsinpancreatin), especially during pepsin digestion, was extremely low. It was indicated that the proteins in AEVA are resistant to pepsin, but susceptible to pancreatin [7] . Thus, without changing the enzyme used in the hydrolysis, reversing the order of addition of the enzymes may increase the degree of hydrolysis and even improve the antioxidant activity.
Several studies have shown that the antioxidant activity of peptide fractions from protein hydrolysates is molecular weight (MW) dependent. Theodore et al. [8] reported that high-MW peptides of alkali-treated catfish protein hydrolysates are better DPPH radical scavengers and reducing agents, and low-MW peptides are better metal chelators and oxygen radical absorbers (ORAC). Similar results were given by Zhang et al. [9] on studying the ORAC and DPPH scavenging activities of peptide fractions from soy protein hydrolysates, whereas an opposite correlation was found between the metal chelating activity and MW. However, the relationship between MW and antioxidant activity of peptides from other protein hydrolysates appeared to be somewhat different [10] [11] [12] . To the best of our knowledge, the relationship between MW and antioxidant activities of AEVA crude protein hydrolysates has not yet been investigated. The objective of the present study was to determine the influence of enzymes and MW on the antioxidant activities of peptide fractions from AEVA crude protein hydrolysates.
α-Amino nitrogen content of AEVA crude protein (AEVA-P) hydrolysates: The α-amino nitrogen contents of AEVA-P hydrolysates are shown in Figure 1 . For a given substrate, the higher the α-amino nitrogen content, the greater was the degree of hydrolysis. The results suggested that the degree of hydrolysis of AEVA-P was extremely low by SGI. The order of addition of enzyme influenced hydrolysis; pancreatin followed by pepsin resulted in two-fold greater hydrolysis (P<0.01). The degree of hydrolysis by alcalase was significantly higher than the other three treatments in our study (P<0.01). However, compared with hydrolysis by SGI, hydrolysis with neutrase did not increase the degree of hydrolysis of AEVA-P. MW distribution of AEVA-P hydrolysates: Tricine-SDS-PAGE profiles of AEVA-P hydrolysates are shown in Figure 2 . The non-hydrolyzed AEVA-P contained proteins with molecular weights mainly above 7.8 kDa that appeared in the upper portion of the gel. Small peptides (<3 kDa) and amino acids were poorly fixed within the gel and contributed less to the electrophoresis profiles. After hydrolysis, a diminished intensity was observed in the bands present in AEVA-P, indicating that the proteins were attacked by the enzymes and that small peptides, not detected on this gel, were released, as is suggested by the diminution in the total intensity. Among all the hydrolysates, the alcalase hydrolysate showed the lowest quantity of peptide bands in the MW range above 7.8 kDa. It is suggested that alcalase had the highest efficiency in protein breakdown. In order to know the detailed differences in the molecular weight distribution of the hydrolysates, an ultrafiltration procedure was used. The MW distribution of AEVA-P hydrolysates was mainly in the range of 5-10 kDa and <3 kDa (Table 1) . For SGI and neutrase hydrolysis, F1 (MW >10 kDa) accounted for a high percentage (>20%) of the total protein hydrolysates. Compared with SGI, pancreatin, followed by pepsin, resulted in an increase in the percentage of smaller peptides (F3 and F4, MW <5 kDa). It is indicated that the order of addition of enzyme influenced MW distribution. Among the four hydrolysates, the alcalase hydrolysate had the lowest percentage of F1 (5.3%) and the highest percentage of F3 and F4 (62.5%). These results were consistent with the observation of SDS-PAGE profiles. However, this does not conclusively indicate that alcalase is superior for hydrolyzing AEVA-P when compared with the other enzymes. In order to further investigate this, it was necessary to study the antioxidant activities of AEVA-P hydrolysates. Tricine-SDS-PAGE profiles of AEVA-P hydrolysates. Lane 1~4 refer to hydrolysis by neutrase, alcalase, pancreatin-pepsin and pepsin-pancreatin, respectively. Lane 5 AEVA-P; Lane 6 molecular weight standards. The numbers on the right side correspond to the molecular mass of the markers in kDa. Effect of enzyme type on antioxidant activities of AEVA-P hydrolysates: Due to the possible inconsistency of different radical systems used for antioxidant evaluation, it is widely suggested that two or more methods should be applied to study the radical-scavenging activities. In the present study, therefore, the primary antioxidant potential was measured by DPPH, FRAP and ABTS assays. The DPPH and ABTS assays were used to evaluate the free- radical scavenging capacity; and the FRAP assay was used to reflect the ferric-reducing activity. Secondary antioxidant potential was measured by the metal chelating assay, which demonstrates the inhibitory effect on the generation of radicals. The antioxidant activities of AEVA-P hydrolysates are shown in Table 2 . All hydrolysates showed similar DPPH radical scavenging activity. Among the four different products, the antioxidant activities decreased in the order: (1) Compared with SGI, pancreatin followed by pepsin, led to an increase in reducing power and a decrease in ABTS radical scavenging activity and Fe 2+ -chelating ability. In contrast, hydrolysates prepared by alcalase and neutrase showed the lowest ABTS radical scavenging activity, but the highest Fe 2+ -chelating ability. It is suggested that alcalase and neutrase hydrolysates could be better free radical inhibitors than scavengers. Overall, these results indicated that the order and type of enzyme impacts on the antioxidant activity of hydrolysates. Similarly, Cumby et al. [13] suggested that the enzyme used for protein hydrolysis would affect antioxidant potential due in part to the mechanism of action of the enzyme and the subsequent presence or absence of functional groups, such as hydroxyl groups of aromatic amino acids in the hydrolysates.
Effect of MW on antioxidant activities of peptide fractions from AEVA-P hydrolysates: Antioxidant activities of peptide fractions with different MWs were determined (Figure 3) . The DPPH radical scavenging activity of peptide fractions with different MW from AEVA-P hydrolysates is shown in Figure 3a . The DPPH radical scavenging activities of peptide fractions varied significantly ranging between 8.8% and 27.1%. Fractions B-F1 and C-F2 had the strongest DPPH radical scavenging activity, whereas fractions B-F4 and D-F4 had the weakest activity. Our results suggested that the high-MW peptide fractions have higher DPPH radical scavenging activity than the low-MW peptide fractions. The DPPH radical scavenging activity of peptide fractions has been studied by many researchers. Some reported that low-MW peptide fractions have higher DPPH radical scavenging activity [11] , some reported that high-MW peptide fractions are more effective [8, 9] , and others reported that a J-or a Ushaped relationship is shown between DPPH radical scavenging activity and MW of peptides [12] . The discrepancy of these observations might be attributed to the different sources and structures of the peptides.
Generally, the accumulation of shorter peptides and amino acids could make the peptide fractions more hydrophilic. The increased polarity of the low-MW peptide fractions make them more difficult to react with the hydrophobic DPPH radicals [14] .
The reducing power of peptide fractions with different MWs from AEVA-P hydrolysates is shown in Figure 3b . The reducing power of peptide fractions decreased in the order: F1 > F2 ≥ F3 ≥ F4. There was a correlation between the DPPH and FRAP assay results of the peptide fractions (r = 0.529, P < 0.05). The reducing power of peptide fractions has also been studied by many researchers. Some of them reported that low-MW peptide fractions have higher reducing power [10] , whereas others reported that high-MW peptide fractions are more effective [8] . Our result was similar to that of Theodore et al. [8] . It is suggested that the high-MW peptide fractions in our study can be more effective hydrogen or electron donors than low-MW peptide fractions [15] .
As shown in Figure 3c , the ABTS radical scavenging activity of the peptide fractions decreased in the order: F4 > F3 > (F2 & F1). It was indicated that low-MW peptide fractions are more effective in quenching ABTS radicals than high-MW peptide fractions. The results of the ABTS assay were significantly and negatively correlated with those of the DPPH assay (r = -0.696, P < 0.01). In our study, the DPPH assay was carried out in organic media, while the ABTS assay was performed in aqueous media. Thus, the contradictory phenomenon between the radical scavenging activity for DPPH and ABTS radicals could be due to the difference of solubility and diffusivity of radicals and peptides in the reaction system [16] . Contrary to the DPPH assay, the increased polarity of the low-MW peptide fractions makes them more likely to react with hydrophilic ABTS radicals [14] .
The chelating activities of peptide fractions with different MW from AEVA-P hydrolysates were measured against Fe 2+ (Figure 3d ). When the MW of the peptide fraction is higher than 3 kDa, the Fe 2+ -chelating ability is stronger than when the MW is smaller. Our results indicated that low-MW peptides from AEVA-P hydrolysates were more effective in Fe 2+ -chelating ability than high-MW peptides, except for the peptide fractions (< 3 kDa) prepared by pancreatin-pepsin. It was extrapolated that low-MW peptide fractions had more high-affinity metal-binding groups which are fully exposed and newly formed [15] . Similar results were reported by Klompong et al. [3] , Theodore et al. [8] and Thiansilakul et al. [17] , while others held the opposite opinion [9] .
In brief, our results indicate that there is no direct correlation between the MW of the peptide fractions from AEVA-P hydrolysates and their antioxidant activities. It was demonstrated that the antioxidant activity of peptides depends not only on their MW, but also on other factors, such as amino acid composition, sequence and configuration of peptides [18, 19] . The total antioxidant activity of AEVA-P hydrolysates could be the result of a combined action of small, intermediate and large peptides. In addition, the mechanism of action of antioxidants in various test systems and the localization of antioxidants in various phases of food or biological systems could both affect the results of antioxidant assays [20] . Therefore, it is important to choose antioxidant peptides for actual application in food matrix or biological systems.
In conclusion, AEVA-P hydrolysates prepared by pancreatin-pepsin and alcalase had higher degrees of hydrolysis. The antioxidant activity of the peptide fractions from AEVA-P hydrolysates varied with MW and the enzyme used. High-MW peptide fractions were better DPPH radical scavengers and reducing agents, whereas low-MW peptide fractions were better Fe 2+ chelators and DPPH radical scavengers. In addition to MW, however, many other factors may also affect the antioxidant activities of peptides from AEVA-P hydrolysates. Further studies might be required to clarify this.
Experimental

Materials: Velvet antlers [Cervus elaphus (Linnaeus)]
were obtained from male red deer that were bred at the Daxing'an mountain range (Heilongjiang, China). Samples were lyophilized, homogenized, and stored at 4°C until usage. 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4′′-disulfonic acid sodium salt (ferrozine), pepsin, pancreatin, alcalase, neutrase and tricine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Low molecular weight protein markers were purchased from Shanghai Institute of Biochemistry (Shanghai, China). Polyether sulfone membranes for the preparation of protein hydrolysates were purchased from Sartorius (Goettingen, Germany). Other chemicals of analytical grade were all purchased from Beijing Chemical Reagent Co., Ltd. (Beijing, China).
Preparation of AEVA-P: Submicron powder of velvet antler (50 g) was extracted 3 times with 1 L of distilled water in a boiling-water bath for 2 h and then filtered. The filtrate was concentrated under reduced pressure. Then, anhydrous ethanol was added to the concentrated solution to a final concentration of 75%, and the suspension was left at 4°C overnight. The solids were precipitated by centrifugation (12,000 rpm, 20 min), washed with ethanol, and vacuum-dried. The vacuum-dried powder was considered as AEVA-P and stored at 4°C until use. The yield of AEVA-P was 80.3% (w/w) of the dried AEVA.
Preparation of AEVA-P hydrolysates:
To prepare AEVA-P hydrolysates, 4 enzymes (pepsin, pancreatin, alcalase and neutrase) were used. AEVA-P was dissolved in distilled water (5%, w/v). Enzymatic hydrolysis was conducted for 6 h in a water bath at optimum temperature under constant stirring. After reaction, each hydrolysate was adjusted to pH 7.0 and was boiled for 10 min to inactive the enzymes. The mixture was centrifuged at 10,000 g (4°C) for 20 min. All supernatants were lyophilized and stored at 4°C for further fractionation. The detailed hydrolysis procedure is described in Figure 4 . Determination of α-amino nitrogen in AEVA-P hydrolysates: The assay was performed based on the procedure published by Zhao et al. [7] . Each tube contained 2 mL of test sample and 1 mL of freshly prepared ninhydrin solution (0.5% ninhydrin, 11.2% Na 2 HPO 4 ·12H 2 O, 6% KH 2 PO 4 and 0.3% fructose). Then, the tubes were heated in a boiling water bath for 15 min. After cooling, the samples were mixed with 5 mL of 40% (v/v) ethanol and left for another 15 min. The absorbance was measured at 570 nm. The amount of amino nitrogen was calculated from an appropriate calibration curve of Lleucine.
Polyacrylamide gel electrophoresis: Tricine-SDS-PAGE was carried out according to the method of Schägger and von Jagow [21] . Total acrylamide and bisacrylamide concentrations (%T) and the percentage of cross-linker relative to the total concentration (%C) were 16%T, 6%C, and 6%T, 3%C, for separating and stacking gels, respectively. After electrophoresis, gels were stained with Coomassie brilliant blue R-250 and destained with methanol, acetic acid and water.
Fractionation of AEVA-P hydrolysates by ultrafiltration:
Briefly, the collected hydrolysates were diluted with distilled water. The diluted solutions were ultrafiltered sequentially, using a stirred ultrafiltration cell (Model 8050, Millipore Corp., Bedford, MA, USA) equipped with 10, 5 and 3 kDa nominal MW cut-off membrane. Four fractions were obtained: fraction 1 (F1), MW > 10 kDa; fraction 2 (F2), MW between 5 and 10 kDa; fraction 3 (F3), MW between 3 and 5 kDa; and fraction 4 (F4), MW < 3 kDa. Each fraction was collected, lyophilized, and then stored at 4°C until used.
DPPH radical scavenging assay:
The DPPH radical scavenging assay was performed based on the procedures described by Zhao et al. [22] . Briefly, 3.9 mL DPPHmethanol solution (6 × 10 -5 M) was added to 0.1 mL of sample in methanol solution. The mixture was shaken thoroughly and then incubated at room temperature in the dark for 60 min, and the decrease in absorbance at 517 nm was determined at the end of the incubation period with a spectrophotometer (GBC scientific equipment Pty Ltd, Australia). DPPH radical scavenging activity was calculated as follows: 
Ferric reducing antioxidant power (FRAP) assay:
The FRAP assay, based on the procedures described by Zhao et al. [22] , was used to measure the ferric ion reducing power. Briefly, 3.0 mL of freshly prepared FRAP reagent was warmed to 37°C, then 0.1 mL of sample was added, along with 0. 
ABTS radical scavenging assay:
The method used was as described by Re et al. [23] . The stock solution of ABTS radical was produced by reacting 7 mM ABTS with 2.45 mM K 2 S 2 O 8 (final concentration), and allowing the mixture to stand in the dark at room temperature for 16 h. The ABTS radical working solution was diluted with phosphate-buffered saline (pH 7.4) to an absorbance of 0.70 (± 0.02) at 734 nm and equilibrated at 30°C. A 80 μL aliquot of sample or distilled water was mixed with 3.92 ml of ABTS radical working solution, and the reduction of absorbance at 734 nm was measured after incubation at 37°C for 6 min in the dark. ABTS radical scavenging activity was calculated as follows: 
Metal chelating assay:
The Fe 2+ -chelating ability was performed based on the procedures described by Zhao et al. [22] . The test sample was mixed with 2 mM FeCl 2 and 5 mM ferrozine at a ratio of 50:1:2. The mixture was shaken thoroughly and then incubated at room temperature for 10 min. The absorbance of the resulting solution was measured at 562 nm. A lower absorbance of the reaction mixture indicated a higher Fe 2+ -chelating ability. Fe 2+ -chelating ability was calculated as follows: Statistical analysis: All experiments were carried out in triplicate. Data were expressed as means ± SD (standard deviation). Statistical analysis was performed using the Duncan test at the 95% significance level to express the difference between two groups. P < 0.05 was considered statistically significant. The correlation was calculated under Pearson correlation coefficient (2-tailed) in bivariate correlations. Analysis was achieved using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA).
